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WIND TIINNKL I NVKST 1 CAT I ON 01' A CKNTAtJR STANDARD SHKOUD 
COMPARTMENT VJ-NT FROM MACH NUMBER OF 0.70 TO 1 .90 
l)y Albert i.. Johns and Merle L. Jones 


SUMMARY 

An expei inter tal program was conducted In tlio Lewis Research Center 
8- by 6-l:oot Supersonic Wind Tunnel to determine the vent discharge 
coefficient for the Centaur Standard Shroud (CSS)/liquld hydrogen (LIE.) 
tank compartment vent. 'Hie Lest was conducted over a free-stream Mach 
number range of 0.70 to 1.96 with the vent mounted in a flat plate. The 
plate was flush mounted to the tunnel sidewall with coinciding center- 
lines. Air was discharged from a plenum chamber, located on the tunnel 
sidewall behind the plate, through five 6.15 cm (2.50 In.) diameter vent 
orifices into the free-stream. The test was conducted to provide data for 
Lhe analysis of the CSS/Ll^ compartment venting during ascent through 
the atmosphere. Full scale simulated flight hardware, such as the vent, 
corrugations, aft field joint ring and let' hag clip was used. Boundary 
layer thickeners were used to vary the boundary layer height and profile. 

The thickeners consisted of several rods fastened to a plate mounted at 
the leading edge ol the test section. The boundary layer height varied 
from a maximum of 30.5 cm (12 in.) at M c ~ 0.70 to a minimum of 15.8 cm 
(6.25 in.) at M Q = 1.40 using thickeners. Without thickeners, the 
boundary layer height varied from a maximum of 20.8 cm (8.20 in.) at 
M o “ to a minimum of 15.25 cm (6 in.) at M„ = 1.40. 

Ihe highest vent discharge coefficient lor any given Mach number 
and vent pressure ratio generally occurred at the maximum displacement 
thickness. 

lhe peak pressure ooeil i <■ lent s caused by the ice bag dip and alt 
1 i.elil joint ring were great ly influenced by the boundary layer character- 
istics. lor example, without boundary layer thickeners, the peak pressures 
caused by the ice hag clip and the aft field joint ring were about the 
same. But with thickeners, the peak pressure caused by the ice hag clip 
was less than that lor the alt Held joint ring tip to Mach 1.20. 

Vent flow increased the static pressure ahead of the vent and decreased 
Che static pressure at L ot the vent. 


INTRODUCTION 


During ascent through the atmosphere, several compartments in the 
Titan/Centaur launch vehicle are vented overboard into the tree stream. 
The venting during this portion of the flight must he coni tolled in sue 
a wav that the compartment walls will not he exposed to excessive crush 
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burst pressures. In designing a vent system which will meet tin's require- 
ment, it Is necessary to know the discharge characteristics of the vent 
openings as they arc* aflected by hath tin* goemetry of the openings and 
t:ie external environmental elements such as local velocity, pressure, 
and boundary layer thickness, references 1 through 9. 

One of tlie compartments to he vented during atmospheric ascent: is an 
annulus bounded by the hydrogen tank, the Centaur Standard Shroud, and 
the bulkhead/seals at each end of the hydrogen tank. This compartment is 
vented through the door on the hydrogen fill and draw valve chute. Tire 
vent configuration consists of a cluster of five orifices 6.35 era (2.5C in.) 
in diameter. 

Tiie present test was conducted primarily to determine the discharge 
characteristics of this particular vent configuration at various external 
environmencal conditions. A secondary objective was the determination of 
aerodynamic pressure in the vicinity of the vents. The test was conducted 
in the Lewis Research Center 8- by 6-foot Supersonic Wind Tunnel over a 
range of free stream Mach numbers from 0.7C to 1.96. The test configuration 
consisted of a full-scale simulation of the door with vent holes mounted 
on a flat plate attached to the wind tunnel wall. Also included were 
full scale sections of shroud corrugations and other protuberances which 
are located In the vicinity of the vent orifices. Air was discharged through 
the vent orifices into tne wind tunnel stream from a plenum mounted on the 
backside of the wind tunnel wall. 


SYMBOLS 

pressure coefficient, (p - p )/q 

* o 

c1 L diameter of each vent ori 1 i.ce-6 . 35 cm (2.50 in.) 

K vent discharge coefficient based on one-dimensional How rate 

that assumes a static pressure representative to the vent 
region when there is m. vent flow 

‘\» ML local Mach number at the vent, based on local static pressure 

with no vent flow and tree stream total pressure 

M »M0 free stream ''inch number 

N power of power-law profile 

P p local stat ie pressure 

l’ 0 free stream stat i< pressure 

plenum pressure ratio, ratio of external static pressure at 
vent without jet-free stream f nt e rae t 1 on-t o p 1 ennin press, n r 
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*1 free-stream dynamic pressure 

VL/VI.MAX boundary layer ve 1 telly ratio measured at tunnel stations 
619.77 tin and 634.83 em 

X/UKI'.h ratio ol axial distance lmm alt I ield joint ring loading edge 

(tunn 1 station 679.00 cm (267.40 in.)) -to- reference length. 
Where reference length, i.RKK - 8 . r >4 cm (1.00 in.) 

Y normal distance from trough of corrugated surface 

u distance above (+) and below (— ) plate centerline 

6 boundary-layer thickness, height of the boundary- iaye’ where 

local velocity becomes 99 percent of maximum local velocity 

* 

^ displacement thickness, a measure of deficiency in mass flow 

through the hounuary-layor as a result of the stream having 
been slowed by friction 

h shape t actor, ratio of d I spl aeeu.ent thi ekness-to-uioineiitum 

thickness, where momentum thickness is the thickness of 
the tree-stream flow necessa^ to make up the deficiency 
in momentum t lux within the boundary layer 


APPARATUS 

Jhe test installation in the 8- by 6-toot Supersonic Wind Tunnel M 
shown in figure 1. The plate was Mush mounted to the tunnel sidewall, the 
centerline of the plate and tunnel wall coinciding. The plate leading 
edge was located 92./ centimeters (36.30 in.) downstream of the boundary 
layer thickener plate, (tig. 1(a)). Sections oi lull-scale simulated 
flight hardware such as the vent, the shroud corrugations, ice bag clip, 
and aft field joint ring were ati ached to the plate, (tig. 1(h)). 

A schematic ol the vent I low system is shown i t ligute lie), The 
plenum eh anil er was attached to the backside o! the tunnel nidew.Jl. Air 
was obtained from the atmosphere, I ie 1 I ov rate was measured with a I low 
metering orifice and regulated by a hutterllv valve located upstream 
oi the orii ice. figure 1(d) shows the iustal iat Ion ol the boundary layer 
rakes. 


Details ot the lest hanlw.ttc an shown in tiguie . hie plat'- was 
-’43. K4 cm ('*<>. 00 in.) long and 111. 9,' cm (AH. on in.) wide with a 1 V ramp 
leading edge, (lig. 1(a)). I* was paitiallv coveted with a 163. lo cm 
(63.00 in.) corrugated section, 'Mg. 1(h)). This conugaled section, 
tlu’ ice hag clip, and the 1 -'ll! 1 i * • I - 1 je'iii ring ware lull scale simulated 

Might hardware, details ate shown in iigute »’(e) t prong., ( i ) . Details 
of the boundary layer thickeners are shown in tigure 3. 
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INSTRUMENTATION 

The boundary-layer survey hardware consisti ' ot two rakes (fit',. 4(a)). 
The larger boundary-layer rake contained Id probes. The lower five probes 
were concealed by the corrugation crest. The small rake contained 6 probes 
and was located in the corrugation trough, (fig. 1(d)). The large boundary 
layer rake covered a distance of 3^.02 centimeters (i'j.OO in.) from the 
corrugation trough. Normal distance from the corrugation trough to each 
probe is given in the table of figure 4(a). 

The boundary-layer rakes were used to survey the local flow field 
and to measure the boundary-layer height. Rakes were located at tunnel 
stations 619.77 cm (244.00 in.) and 624.83 cm (246.00 in.), at distances 
of 51.56 cm (20.30 in.) and 44.45 cm (17.30 in.) respectively above the 
centerline of the vent. The static pressure instrumentation is shown in 
figure 4(b) and table 1. 

Static pressure orifices ahead of the vent were located In the corru- 
gation trough corner. Static pressure orifices aft of the vent region 
were located along both the corrugation trough and crest. Hie field joint 
ring was also instrumented, (fig. 4(c)). The vent and flow system instru- 
mentation is shown in figure 4(d). 


CONFIGURATIONS 

A configuration summary is given in table IJ. Five configurations 
were tested: three were the flight configuration with variation in the 

boundary layer thickeners; and two with the aft field joint ring removed 
and no boundary- layer thickeners. One of the latter two configurations 
had the vents orifices plugged and was made to obtain the effect of open 
vent orifices on the localized pressures. 


RESULTS AND DISCUSSION 

Plenum pressure ratio, PE/PI, is defined as the ratio ol a local 
static (reference, P^Oj’ see tab**' ' and figure 4(h)) pressure to plenum 
pressure. The. reference pressure used to set. the plenum pressure ratio 
and to compute the local Mach number was obtained from a me vent- i I ov; 
condition. A comparison of the ret eronee-to-i ri e-st ream static pressure 
ratio for open vent (no vent flow) and plugged vent is shown in figure 5. 
With the excep U, of Mach numbers <>t 1.05, 1.20 and 1.96, tin- open vent 
had little or no effect on the reterence pressure. 

'lire local Mach number M ( , based on reference slat i( pressure is 
shown in figure 6 as a function of t lie free stream Maeh number for the 
five configurations tested with no vent flow. The local Mach number bad 
an insignificant deviation from the free stream Mach number at tie sub son i< 



conditions. Hut, at suporson i <• Mat'll imsnluis, particularly between Marn 
1.03 and 1.40, tlu? deviations were slgnif Irani . 

The boundary layer velocity >rot lit::, I inure /, were obtained tor 
each configuration. Tbe velocity prof ilia In t lie lower region (first 
six probes) were measured by the small rake in Hie corrugation trough, 
which was located at tunnel station 619.77 cm (244.00 in.) and 31.36 cm 
(20.30 in.) above the plate centerline. A large boundary layer rake 
located at tunnel station 624.85 cm (246.00 in.) and 44.43 cm (17.30 in.) 
above the plate centerline was used, to obtain the velocity profiles above 
the corrugation crest to a height of 33.02 cm (13.00 in.). The first six 
probes of the larger rake were masked by the corrugation crest. At the 
upper subsonic, transonic and supersonic Mach numbers a slight distortion 
occurred at the transition from the smaller rake to the larger rake. The 
distortion was caused by the seventh probe on the large rake being 
near the corrugation crest surface, resulting in a slightly lower 
velocity than that which existed at the preceding probe on the small 
rake . 


The differences in the velocity ratio profiles, figure 7, for the 
various configurations reflect the thickening ol the boundary layer through 
the use of la ' thickener rods, (fig. 8(a)). A comparison of the measured 
boundary layi .. isplaeement thickness (with and without thekoner rods) 
with analytical predictions for the Might vehicle is shown in figure 8(b). 
The boundary- layer velocity shape 1 actors for the various configurations 
are shown in figure 8(c) over the Mach number range tested. Also shown 
in the figure is the boundary- layer velocity power profiles, N, of 3 and 
11 taken from reference 9. boundary- 1 aye r velocity power prof lie from 
N = 5 to 11 is the approximate r;inge ot fully-developed turbulent boundary- 
layers. In general, the shape. I actors for the various configurations 
were within the range of the fully-developed turbulent boundary-layers 
velocity power profiles. 

Variation of vent discharge coefficients with the plenum pressure 
ratio, PK/IM, is shown in ligure 9 for the tree-stream Mach number range 
investigated. Also presented for each configuration is the local Mach 
number at the vent region. As discussed earlier belli 1’K and local Mach 
number were determined from the zero flow condition. 

At the no-vent ~t low condition the internal pleasure, I’ 1 , should 
theoretically equal the local external pressure, PI, Howevet , internal 
and external pressures were affected d i t t emit Iv hv the corrugations, 
ice bag el ip -boundary- 1 aye t interaction and ait field Joint ting. loi 
example, at supersonic Mach numbet ., "1 t 1.18, t tie alt * > t Id loint ring 

had no oiled on the internal pressmen, whereas a noticeable efiect 
occurred on the external pressure, PI'.. In addition, pressure gradients in 
both the span and axial direction, In the immediate vent area, could < au-e 
recirculation whlui) would effect the internal prossuie and net the external 
pressure PK. Consequently, the iio- t low vent presume ratio Pl./Pl var i< d 
t rom 0.94 to 1.013. 
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The ft i ert ol the .ilt Held joint ring on fix v<*ut discharge 
cot' i < ic i e nt n fill) tit* asc e i t .1 Iih it i tom .1 comparison of font igui . it ions 1 
■ uni 5 (with and without alt Held joint ring, i espec t ! vely ) . Hit* 
vuijI d i scharge coefficient was higher with tin- alt Meld joint ring t ol 
a given von t pressure rat in. Tin* I or i-j'.oi ng woo ran:, oil !«y ttio ail. i it*Jtl 
joint r 1 ny* , an expected, increasing tin - on in tin vont region. 

'tills effect is shown in a later figure (fig. 10). 

The differences In vont discharge coefficients in tiio other con- 
figurations (l, 2 and 3) art* duo to varl.it ions in ttio boundary- layer 
displacement thickness . Thu maximum vent discharge con f f lc iu»l , tor a 
given plenum pressure ratio, was obtained with the maxima it displacement 
thickness, configuration 2. 

The effect of boundary layer displacement thickness on the pressure 
distribution is shown in figure 10 for no-vent- flow condition. Increasing 
the bt undary layer displacement, thickness caused a reduction in static 
pressure both upstream and downstream of the vent at subsonic speeds. 

However, at some supersonic Mach numbers the tuicker boundary layer 

conditions resulted in a large pressure rise in the vent region (for example 
M n = 1.2 and 1.6 (fig. 1 0 < i ) and K)(k)). The pressure eoefi icient.s, aft 
of the vent, for the two oonf i guru l i oils , f and 4, without tin* field joint 
ring are substantially lower than tin* pressure eoeificients with the 
field joint ring. 

The effect of the ice bag clip and at t field joint ring on the static 
pressure field was greal.lv in 1 1 at a< on hv toe boundary layer ■ bn t actor i st i cs . 

For example, at both subsonic and supmsnnt. conditions 1 or con) i gural ion ), 

(without boundary layer thickeners) tin peak pressure caused by the section 
of the Ice bag clip ahead of the Vent Was ns large as that caused hv the 
aft f ield joint: ring. Whereas for the cent ig.tr at ion.-. 2 and with 
boundary layer thickeners the ice hag lip effect varied from approximately 
one-half of the Held joint ring, peak pressure coefficient (M„ r - 0.00, 
tig. 10(c), coni i guru Li on 2) to about 0.08 h'gher (M ( , r 1.40, fig. 10(j), 
configuration 5). 

The effect of vent I lew on the pleasure . 1 i ■ - 1 j ibution is shown in 
figures )1 t hi ough 14. lionerol 1 y , the elieet <d vent flow wa . to increase 
the pressure upstream ot the vent and decrease tire. pies;. me downs t ream ot 
the vent. 


St'MMAK’r OF lO Slh/IS 


An expel ivienla i i lives! 1 ga I i an w.c- .nndurted in the e. i • •'.< .-a nr > a 

Cent*')' H- hv b-iool Supersonic Wind luni.el to del errtine tin d i st liar or* 
eoef I i e i ent s of t he Oeiltaur Standard . a r end / I i spi i d i.vdioc.er t .4 o'-part 
men t vent. I he test was comhn t ed i t ‘ i ! u I I scale . i r.u I .it ed * I r g : 1 1 
hardwar over a tree-str m Mai h nnmht r rang.* 1 ot 0./0 to l.‘h> with (tie 
vent and shroud corrugations mount'd t o a tint plate. file Hat plate wa* 


I hn-ih mount rd to tin 1 tunnel sidewall such that tlu* centerlines mini idril. 
Air wan *i I schargcd througli live f>.T> cm (2.50 in.) diameter vent or ii ires 
ino the i roe-stream. Vent pressure ratio varied from 1.0)5 to 0.4'), 

The following observations were mad.': 


1. Oeneraliy, the visit d i si barge cool 1 i eient is direct ! v i n t I ueiiei <i 
by Hie boundary layer displacement tl> ie.kness. The highest discharge coeff 
iHenl , for a g'ven Mach number and vent pressure ratio, usually occurred 
at the maximum boundary layer displacement thickness. 

-■ The analytically predieted displacement thickness foi the vehicle 
nomiinu 1 light trajectory could be simulated over the Mach number range 
by using a boundary layer thickener. 


3. 1 fie eftect o) the ice bag clip and alt field joint ring on the 
static pressure iield was greatly intluencid by the boundary layer ch.trac 
teristi.es. For example, without boundary layer thickeners, the peak 
pressures caused by the ice bag clip and the aft iield joint ring were 
about the same, but with thickener rods, the peak pressure lor the ice 
bag clip was less than that for the aft field joint ring up to Mach 1.20. 

4. llie eliect oi vent How on tiie static pressure distribution was 
to increase the static pressure upstream of the vent region and lower 
the static pressure aft of the vent. 
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TABUS II. - CONFIGURATION SUMMARY 


1 

1 



~t 

1 

| Configuration 

Boundary-layer thickener 

1 

Aft field 

Symbol 

Number 


1 

i joint rinK 

! 1 

0 - 1 

None 

Installed 

0 

1 v 

2 

h rows- l?.?Qcm(5.0Qin) height 
rods (18 rods per row) 

j Installed 

! 0 


None 

^ Removed 

□ 

h* | 

None 

! Removed 

A 

1 

5 j 

i 

1 row- l?.?Qcm (^.QOin) height 
rods. 1 row- 7.6 2cm O.OOin) 
height rods. 18 rods per row. 

1 

t 

! Installed 


^Pressure dat,:., vent plugged 













To control room 



Figure l.-Tortinued. 
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Tunn«l oUtioni 513.7? (202.2?) 


(c) Loading- edge of corrugation details 


figure 2 . - Continued 
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(i) Details of field joint rin;.; 


figure 2 . - Concluded 
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